Abstract: The effect of boron (between 0.06 and 0.11 wt%) on the microstructure, hardness and compression properties of cast Ti-6Al-4V was investigated. Compression properties were examined in the temperature range from room temperature to 1000°C. It was found that the addition of boron refines the as-cast microstructure in terms of prior beta grain size and alpha colony size. This microstructural refinement led to an increase in compressive yield strength from room temperature up to 700°C. Three different strain rates (0.001, 0.1 and 1 s −1 ) were evaluated during compression testing from which it was found that the compressive yield strength decreased with decreasing strain rate from 600°C up to the beta transus temperature. 
Introduction
Titanium and its alloys are used in a wide range of structural applications: in the marine and chemical industries because of their high corrosion resistance in different environments [1] ; in the biomedical industry for orthopedic implants because of their biocompatibility [2] ; and in the aerospace industry for components such as disks, blades, spools and shafts in aeroengines because of their high specific strength-to-weight ratio and high creep strength [3, 4] . Low statically stressed titanium alloy parts in aeroengines are usually manufactured from cast material, but for more highly stressed and dynamically loaded components the wrought form of the materials are used [3] . The improved mechanical properties in wrought titanium alloys, compared with cast materials, arise from the additional thermomechanical processing steps that provide a combination of deformation and recrystallization, which leads to a refinement of the initially coarse microstructure and thus improved mechanical properties. However, these additional thermomechanical processing steps add extra cost to the final product. Therefore there is significant interest from aeroengine component manufacturers to improve current thermomechanical processes and/or limit the number of necessary thermomechanical steps used in today's manufacturing chains, whilst retaining or improving the mechanical properties.
In recent years it has been observed that the addition of alloying elements such as boron (≈ 2 wt%) [5, 6] , silicon (≈ 4 wt%) [7] and beryllium (≈ 0 2 wt%) [8] refines the microstructure of cast titanium alloys. This could reduce the number of secondary thermomechanical processing steps necessary for producing the required microstructure and mechanical properties, resulting in a reduction in the overall cost of the finished products. Microstructural re- finement enhances tensile properties, and fatigue strength both at room temperature and at elevated temperature [9] [10] [11] [12] [13] [14] . It has been reported that with small boron addition (< 0 1 wt% B) both ductility and fatigue strength are improved. However, addition of higher amount of boron (> 0 1 wt% B) increases the volume fraction of TiB particles, which in turn act as crack initiation sites during fatigue loading, and thus can reduce the overall ductility of the alloy [10] [11] [12] . The aim of the present work is to investigate how the addition of boron to cast Ti-6Al-4V affects the microstructure and mechanical properties at ambient and high temperatures. This involves quantitative characterization of important microstructural features in cast Ti-6Al-4V, such as prior β grains, α colonies and α plates/lamellae. The correlation of the microstructural features with hardness and compression properties is investigated here. For comparison, standard cast Ti-6Al-4V material was used as a reference material.
Experimental methods

Materials
Induction skull melted rod-like ingots, with dimensions 150 × 120 mm, of as cast Ti-6Al-4V (hereafter called and with different boron concentrations (0, 0.06, 0.11 wt%) were obtained from Titanium Castings Ltd, UK for this study.
The chemical compositions are shown in Table 1 . Boron was added in the form of TiB 2 particles of size between 1.7-5 mm. After casting, the ingots were hot isostatically pressed (HIP) at 900°C at 100 MPa for 2 hours. After HIP, a 10 mm thick section was cut from each ingot for microstructural investigation, see Fig. 1(a) . Rods of diameter 6 and 8 mm of various lengths were machined from the ingot for hot compression testing along the radial direction as shown schematically in Fig. 1(b) . From each slice in Fig. 1 (b) six different samples were removed along the radial direction, as shown in Fig. 1(c) , where crosssections 1, 3 and 6 were chosen for initial microstructural characterization.
Microstructural characterization
The samples before and after hot compression testing were metallographically prepared using the three-step polishing method proposed by Vanderfort for titanium alloys, which involved coarse grinding, intermediate and final polishing [14] . The etching procedure used to reveal the microstructures was carried out in two steps: 1) immersion of the samples for 60 seconds in ammonium bifluoride (ABF), which consists of 1 g NH 4 
Hardness measurements
Hardness measurements were performed on as received materials using a Vicker's indenter. In macro hardness testing, a load of 5 kg for 30 seconds was employed, and in the micro hardness measurements a test load of 300 g for 15 seconds was used.
Hot compression testing
Compression tests were performed using Gleeble 1500 thermo-mechanical testing equipment with lengthwise strain control. The test specimens were placed between two tungsten carbide anvils, which were coated with a film of tantalum to prevent sticking and minimize friction. Resistance heating of the specimens was used to attain the desired temperatures, which also permits rapid heating/cooling rates. Prior to deformation, specimens were heated at a rate of 20°C/s to the desired test temperature after which a holding time of approximately 3 minutes was applied in order to be able to make a few adjustments of the control system as well as to ensure a homogenous temperature distribution throughout the specimen. After compression, the specimens were furnace cooled in air to room temperature. The temperature was measured using a Pt/Pt-Rh thermocouple, which was welded onto the surface at the mid-height of the cylindrical specimens. The tests were performed in an evacuated chamber (0.013 kPa) to minimize α-case formation. The samples were deformed to 10% compressive strain with strain rates of 0.001, 0.01 and 1 s −1 . These tests were performed at different temperatures from room temperature to 1000°C. During the testing sequence axial compression force, axial displacement and displacement rate, and temperature were registered. Cylindrical specimens of 6 × 8 mm and 8 × 10 mm (diameter × length) were machined from the standard Ti-64 and boron added Ti-64 ingots along the radial direction. The smaller diameter specimens were used for tests at lower temperatures, whereas the larger diameter specimens were used for tests at higher temperatures.
Results
Microstructural characterization of as received material
The large prior beta grains in the as received cast Ti-64 comprise α colonies and α lamellae as shown in Fig. 2(a-b) , also known as a Widmanstätten type of microstructure. The optical and scanning electron microscopy (SEM) analysis of the materials after addition of boron showed significant grain refinement, Fig. 3 . TiB precipitates are present in the form of needles, which are preferentially observed along the prior β grain boundaries, see Fig. 3 (e-f), Fig. 4(a) and Fig. 4(b) . However, it was also observed that TiB precipitates are present within the prior β grains, see Fig. 4(c) .
The observed refinement of the microstructure caused by the boron addition was quantitatively evaluated: the prior β grain size decreased from approximately 1700 (Ti-64) to 200 µm (Ti-64 + 0.11 wt% B), see Fig. 3(a-f) . This reduction in prior β grain size led to a shortening of the α laths and thus a reduction in the size of the α colonies, as seen in Fig. 5 and Table 2 . It was also observed that the volume fraction of β decreased with the addition of boron. However, the volume fraction of α, the thickness of the individual α laths as well as the grain boundary α, were all found to increase with increasing boron content.
Hardness
Micro-and macro hardness values for the examined alloys are given in Table 3 . Each value in the table is the average value of 54 measurements. The results indicate that both the micro-and the macro hardness of Ti-64 increase with addition of B. The reason for this is the significantly finer microstructure in the boron modified materials. This also agrees well with findings of others where it has been found that both the Young's modulus and the yield strength increase in boron modified titanium alloys resulting from grain refinement [10, 11, 20] . Microstructural examination performed on samples tested at elevated temperature revealed deformation zones with bent alpha laths, see Fig. 7 . In addition, it was also found that TiB needles located in these deformation zones were fractured, forming cavitations in the alloy matrix. This was found in samples tested at all temperatures and for all strain rates, see Fig. 8 . The true stress-strain curves obtained for a strain rate of 0.001 s −1 showed that the compressive yield strength (σ at 0.2% strain) at room temperature increased significantly when boron was added to Ti-64, see Fig. 6 . This effect decreased with increasing temperature and diminished at temperatures exceeding 600°C. The variation of compressive yield strength with temperature for the different strain rates is shown in Fig. 9 . Here it can be seen that the yield strength appears to be independent of strain rate in the lower temperature region (< 600°C), but from 600°C and higher the lowest strain rate shows a lower compressive yield strength than that measured for the two higher strain rates.
Hot compression
Discussion
Microstructure
Addition of boron to the material results in smaller beta grains, smaller alpha colonies, shorter but thicker alpha plates, and thicker alpha along the prior beta grain boundaries. This microstructural refinement, found in the Ti-64 variants with boron addition, agrees well with the findings of others [5, 6, [11] [12] [13] . The hypothesis behind the observed grain refinement is similar to that proposed by Tamiraskandala et al [5] , in which the boron contributes to the grain refinement during solidification in two steps: 1) inoculation of titanium β phase nuclei and 2) its growth restriction on further cooling because of the boron rich layer formed around the β grain boundaries. During solidification, when the temperature drops below the solidus temperature there is a eutectic reaction taking place in which the remaining liquid transforms to solid β phase and TiB forms at the β grain boundaries. During cooling down from the high temperature regimes the TiB particles then restricts the grain growth of the β grains. When the temperature drops below the beta transus for the material the β phase starts transforming to α phase. Under certain cooling conditions the first α phase that forms lies along the β grain boundaries, therefore it is called grain boundary α. This grain boundary α then coexists with the already existing TiB particles. The smaller β grain size, as found in the boron modified materials, provides an increased grain boundary area per volume of material. This increase in beta grain boundary area provides an increased number of nucleation sites for α phase along the beta grain boundaries [6] . However, since the β grain size limits the maximum α colony size, the smaller β grains found in the boron modified Ti-64 alloys lead to decreased α colony size, as indicated in the results shown in Fig. 5 . In accordance with the hypothesis of how the TiB particles are formed, the TiB needles should lie along the prior β grain boundaries and this was also observed in the current work, see Fig. 3 (e-f). However, in some areas the TiB precipitates were also found to lie within the prior β grains as seen in Fig. 4 (c) mainly inside the α colonies bisecting several α laths. The reason for this is not yet completely understood, but since the initial size of the TiB 2 particles added to the melt was on the order of mm and the size of the TiB precipitates found in the different alloys after casting were all on the order of µm, it is reasonable to expect that the initial TiB 2 particles were completely dissolved into the liquid metal during the melting process, and then nucleated and precipitated as new solid particles during the solidification and cooling process. During the final stage of the melting process, when the metal solidifies, some regions of the material could be cooled with such a rate that some TiB particles precipitate within the beta grains rather than at a grain boundary.
The size distribution of the colonies and alpha laths were less scattered in the boron modified Ti-64 materials than in the standard Ti-64, which is indicated by shorter error bars in Fig. 5 . The reason why these features are more uniform in size in the boron modified Ti-64 is because of the reduced prior β grain size, see Fig. 3(a-c) . However, alpha lath thickness and grain boundary alpha were both found to increase in size with boron addition, as shown in Fig. 5 ; this was also observed by Sen et al. [12] for similar material. This increase in grain boundary alpha thickness probably arises from the alpha stabilizing effect of boron, which increases the total volume fraction of alpha phase [21] , as shown in Table 2 . The deformation mechanisms are rather complex in Ti-64 as they depend on parameters such as temperature, strain rate and also on material state in terms of microstructure of the starting material [22] [23] [24] [25] [26] [27] [28] . It is well documented for Ti-64 alloys that the softening mechanisms operating at low temperatures (≤ 600°C) are strain hardening and dynamic recovery. At higher temperatures (700-1000°C) globularization of alpha laths, which is an indication of dynamic recrystallisation (DRX), and bending of alpha laths are the dominant deformation related phenomena in Ti-64 with a lamellar structure comprising alpha colonies [26, [29] [30] [31] [32] .
The microstructure in the compression tested materials in the lower temperature region (≤ 600°C) did not show Figure 8 . SEM image of the microstructure in a Ti-64-0.06B sample compression tested at 500°C with a strain rate of 0.001 s −1 . Here a fractured TiB particle can be seen, forming cavities within the matrix material.
any change in or transformation of the microstructure as compared with the initial microstructure. This means that the grain refinement effect on the properties remains, which was also observed in the measured mechanical properties (see Fig. 6 ). However, at higher temperatures (700-900°C) flow softening occurred, which can be seen as bending of the alpha laths in the microstructure, Fig. 7 , through plastic deformation. This phenomenon has been observed previously in the Ti-64 alloy [32, 33] . In addition, it was also noticed that the TiB precipitates in the boron modified variants of Ti-64 fractured at all temperatures with the strain rates used, see Fig. 8 . Others noted similar deformation behavior in Ti-64 alloys containing 0.05-1 wt% B [33] [34] [35] , and Boehlert et al. [35] noted by in situ tensile testing that TiB particles tend to fracture even below the yielding point of the matrix material.
Mechanical behavior
The compressive yield strength is approximately 15% higher at room temperature for both boron modified materials, as compared with the standard Ti-64. There is however no significant difference in yield strength between the two boron modified materials. At 500°C the alloy with 0.11 wt% B still shows approximately 15% higher compressive strength as compared with the standard Ti-64, and the compressive yield strength of the 0.06 wt% B modified alloy lies between the other two materials. At 600°C the compressive yield strength is almost the same in all three materials, Fig. 6 . In α + β titanium alloys with lamellar structure, such as the Ti-64 variants in the current investigation, it is well known that the size of the α colonies is an important mi- crostructural parameter that determines several mechanical properties such as yield strength and fatigue strength [36] . Hence the observed reduction in α colony size resulting from boron addition decreases the slip length and thereby increases the compressive yield strength. The effect of grain refinement on the compressive yield strength is observed up to ∼ 500°C, Fig. 6 . In addition, the boron modified Ti-64 alloys show strain hardening behavior similar to the standard Ti-64 alloy, which has also been reported by Meester et al [22] . At 600°C the dynamic recovery effect gets stronger and at 700°C takes over as the dominant parameter in preference to strain hardening. Dynamic recovery is the physical phenomenon in which the internal stresses that give rise to strain hardening are reduced by annihilation of dislocations [37] . Since dynamic recovery involves diffusion of atoms, this phenomenon is dependent on temperature and increases with increasing temperature. For the Ti-64 materials currently investigated dynamic recovery was apparent at 600°C, seen by the flattening of all the compressive yield strength curves at this temperature in Fig. 6 . From 700°C and above, the compressive yield strength of all tested materials decreased after reaching the yield point, Fig. 6 . This phenomenon is known as flow softening [38, 39] . It is known that standard Ti-64 exhibits flow softening at temperatures between 700 and 900°C, for which the reduction in the stress depends on both the strain rate and the temperature [24, 27, 28] . The strain rate dependence on flow softening was also confirmed in the current work, Fig. 9 . Here it is evident that both the standard Ti-64 and the boron modified Ti-64 alloys exhibit flow softening at the lowest strain rate tested (0.001 s −1 ). Similar findings were also reported by Sen [33] . The compressive yield strength decreased with increasing temperature, which is also reported by others [24] [25] [26] [27] [28] . An interesting observation here however is that the compressive yield strength of the Ti-64 with 0.0 wt% B, 0.06 wt% B and 0.11 wt% B were almost the same from a temperature of 800°C and higher, even though the microstructure was significantly finer in the boron modified versions of Ti-64. In other words, it could be concluded that neither the grain refinement nor the presence of TiB needles in the microstructure of Ti-64 affects the high-temperature yield behavior. This is in agreement with the conclusions reported by Prasad et al [39] for Ti-64 alloys with different prior beta grain sizes.
In order to complete the analysis of the compression test results it should be mentioned that the compressive yield strength was found to increase with increasing strain rate and this includes both the standard Ti-64 alloy and the boron modified versions of Ti-64, Fig. 9 .
Conclusions
The following conclusions can be drawn from the current work: Addition of 0.06 wt% B and 0.11 wt% B to cast Ti-64 leads to
• Formation of TiB particles predominantly located in the prior beta grain boundaries;
• Smaller prior beta grain size;
• Smaller alpha colony size;
• Shorter but thicker alpha lamellae.
At room temperature the compressive yield strength increased by approximately 15% when 0.06 wt% B was added to the cast standard Ti-64 alloy. The main reason for this is the smaller alpha colony size. The strengthening effect of the finer microstructure in the boron modified Ti-64 versions diminishes at temperatures exceeding 500°C. The TiB particles have a long thin shape and are brittle in nature and fractured during the compression tests. The brittleness of these TiB particles is a serious drawback for the potential use of these kind of materials in aerospace applications, but further investigations are required to explore the fatigue properties of this material before this risk can be neglected. The Foveapro software was proven to be a successful tool for quantification and measurement of the different microstructural features in titanium alloys.
